Semliki Forest, Sindbis and rubella viruses can fuse erythrocytes from several different species. Large fusion vesicles consisting of tens to hundreds of red blood cells were seen under optimal conditions. For the haemagglutination and cell fusion to occur the adsorption of virus and further incubation had to be carried out at pH 5"8. Haemagglutination took place over a wide temperature range (o to 4o °C) whereas fusion required temperatures between 37 and 42 °C. Haemolysis of red blood cells induced by togaviruses also required initial incubation at pH 5"8 to enable attachment of the virus to occur after which the pH of the buffer could be raised to neutrality without inhibiting the haemolysis. The amount of togaviruses and Sendal virus required to fuse red blood cells was about the same [I haemagglutinating unit (HAU)/ml] but different ionic conditions were required for fusion.
INTRODUCTION
The haemagglutination by alphaviruses and togaviruses in general takes place in slightly acid buffers, usually over a narrow pH range (Clarke & Casals, I958 ; Halonen et al. I967) . Antiserum prepared against purified envelope protein EI of Sindbis virus specifically inhibits the haemagglutination (Dalrymple et al. I976) suggesting that this protein mediates the binding of the virus with the red blood cells. Isolated envelope protein octamers consisting of El, E2 and E3 of Semliki Forest virus (SFV) agglutinate the red blood cells showing that virus particles are not necessarily required for haemagglutination (Helenius & yon Bonsdorff, I976) . Moreover, isolated lipid-and detergent-free EI proteins cause haemagglutination (Helenius et al. I976) .
Both Sindbis virus and SFV can cause haemolysis of many different types of red blood cells (V~5.n/inen & K/iS.ri~inen, I979), a phenomenon also described by Karabatsos (i963, r965, I973) for some flaviviruses and more recently by Kobayashi 0978) for rubella virus. The optimal conditions for haemolysis by SFV and Sindbis virus were the same as for haemagglutination except that virus particles rather than isolated envelope proteins were required. The particles had to be slightly damaged since fresh, unpurified virus preparations which had not been frozen or sonicated did not cause haemolysis (V~i~n~men & K~t~ri~iinen, r979) .
Since haemolysis and cell fusion activities of paramyxoviruses are tightly coupled phenomena (Hall & Martin, ~974; Scheid & Choppin, I974; Seto et al. ~974) we considered it worth trying to demonstrate red blood cell fusion with togaviruses. For this purpose we used, in addition to Sindbis and SFV, the antigenically unrelated rubella virus. Here we report that all these viruses can cause fusion of several different types of erythrocytes. Virus preparations with minimal haemolytic activity can readily fuse red blood cells. 
METHODS

Viruses.
The origin and cultivation of SFV (prototype strain) and Sindbis virus (HR strain) have been described previously (V~i~in~nen & Ka~iriNnen, I979) . 'Non-haemolytic' SFV was concentrated either by vacuum dialysis or in Miniplant (Dow C/HFV-m Miniplant ultrafilter) followed by pelleting in an SW27 rotor at 25000 rev/min for 3 h. The virus pellet was resuspended in o.r 4 M-NaCI, o-ot M-tris, pH 7"4 (TN buffer) and stored at o °C.
Rubella virus (RA 27/3 strain) was grown in BHK21/I3S cells in BHK2r medium containing 0.2 % bovine serum albumin. After removal of cell debris by low speed centrifugation the pH of the supernatant was adjusted to pH 7"3 by adding NaHCOa. EDTA was added to a final concentration of 0"o03 M. The virus was purified in a continuous o to 55 %0 (w/w) sucrose gradient made in o'I5 M-NaC1, 0.05 M-phosphate pH 7"5 (PBS) containing o'o03 M-EDTA (Vfi~in~inen & Vaheri, i97i ). The virus band was dialysed against PBS-EDTA buffer to remove the sucrose and stored at o °C.
Sendal virus (kindly provided by Dr Karl Cantell, Central Public Health Laboratory, Helsinki, Finland) was grown in the allantoic cavity of I I-day-old embryonated eggs. Allantoic fluid was harvested, cell debris was removed by low speed centrifugation and the virus was purified in a continuous o to 55 % sucrose gradient (w/w) in PBS in the same way as the rubella virus but without EDTA. The virus in the gradient was dialysed against PBS and pelleted at 78ooo g for 90 rain. The pellet was resuspended in PBS and stored at 4 °C.
Preparation of 8nS-methionine-labelled SFV and envelope protein octamers. SFV was grown in BHKzI cells in MEM without methionine supplemented with 0.2% BSA. At 4 h p.i. aSS-methionine (525/zCi/I8o cm e culture) was added and the virus harvested at IO h p.i. Cell debris was removed by centrifugation at xoooo g for 20 min. The supernatant was then centrifuged in an SW27 rotor at 25ooo rev/min for 3 h to pellet the virus. The pellet was resuspended overnight in TN with 1oo x excess of unlabelled methionine at o °C. The resuspended virus in I ml TN was purified in a discontinuous sucrose gradient consisting of: I ml 5o0, I ml 45%, I ml 4o%, 4ml 20% and 3.5 ml 10% sucrose (w/w) in TN, in an SW4I rotor at 3o0o0 rev/min (r mooo g) for 3"5 h. The visible virus band was collected by suction into a hypodermic syringe through the wall of the centrifuge tube. Envelope protein octamers (29S) labelled with 35S-methionine were isolated as described previously (V~iiinfmen & K~iftri/iinen, t979) after mixing 4 mg of unlabelled purified SFV with 32 x IO 6 ct/min of labelled virus.
Erythrocytes. Red blood cells from man (type O), goose, rooster, x-day-old chicken, sheep, guinea pig and African green monkey were obtained from Orion Diagnostica, Helsinki, Finland. The erythrocytes were immediately washed three times with dextrosegelatin-veronal buffer (Clarke & Casals, I958) and stored as a Io% suspension in the same buffer.
Haemagglutination tests. The haemagglutination assays for togaviruses were carried out according to the method of Clarke & Casals (I958) at pH 5"8 on microtitration plates using 50 #1 of virus dilution in borate-saline pH 9 and 50/zl of 1% erythrocyte suspension in phosphate buffer, giving the final pH of 5"8.
The haemagglutination assay for the Sendal virus was made on microtitration plates using 5o #1 of virus dilution in Dulbecco's PBS (Dulbecco & Vogt, I954) and 50 #1 of 1% red blood cells in the same buffer.
Fusion tests. The fusion tests for togaviruses were made at o °C by mixing 50 #1 of virus dilution in borate-saline, pH 9, and 50/zl of x % red blood cell suspension in phosphate 
Fusion by SFV, Sindbis virus and rubella virus
469 buffer, giving a final pH of 5"8. After incubation for IO min the mixture was centrifuged at 5oo g for 5 min, the supernatant was sucked off and Ioo #1 of pH 5"8 buffer (one vol. of borate-saline, pH 9, and one vol. of phosphate buffer giving the final pH 5"8) was added to the pelleted red blood cells. The pellets were not suspended in the buffer as such but transferred into a 42 °C water bath for incubation for 15 min. Samples of I5/~1 were taken from the incubated pellets on to ordinary microscope slides and covered with coverslips (oq7 mm thick). They were then incubated on a 42 °C plate for 15 rain and examined under the microscope. The fusion was seen as multi-nucleated cells when chicken erythrocytes were used and as pleomorphic larger vesicles when non-nucleated erythrocytes were used. All stages in the fusion reactions of Sendai virus were made accordingly but using Dulbecco's PBS.
Haernolysis tests. The haemolysis titrations were made as we previously described
RESULTS
Fusion of red blood cells by Semliki Forest, Sindbis and rubella viruses
To demonstrate possible fusion of red blood cells we used I-day-old chicken cells and variable amounts of purified SFV at the optimal conditions of haemagglutination, that is pH 5"8 at 20 °C. The cells and virus were mixed together and incubated on microscope slides. Under these conditions haemolysis but not fusion was obtained. When the slides were incubated at 37 °C fusion could occasionally be seen. Better fusion activity was obtained when the slides were initially incubated at o °C followed by incubation at 37 °C, but the result was improved considerably when the cells were first agglutinated at o °C followed by low speed centrifugation and further incubation at 37 °C or even at 42 °C. The best results were obtained if the unadsorbed virus was removed after centrifugation and replaced by new buffer without disturbing the cell pellet. This procedure was adopted for further experiments with Sindbis and rubella viruses.
Degrees of fusion
For the expression of the degree of fusion Terry & Ho-Terry (1976) have used the number of nuclei per 5oo cells as the fusion index. Since human and monkey red blood cells do not have a nucleus the fusion index could not be used for these cells. Also with the nucleated avian erythrocytes the counting was unreliable because the samples taken from the sediment were often in large aggregates. For these reasons we graded the observed fusion into four rather arbitrary categories: o meaning no visible fusion, and +, + +, + + + denoting the intensity of fusion as shown by examples in Fig. I . If a more accurate grading of the fusion activity of a virus preparation was required we used dilutions of the virus to reach the end-point of fusion. One cell-fusing unit (FU) was in a dilution giving detectable fusion of at least two red blood cells per microscopic field.
One-day-old chicken erythrocytes were also readily fused by purified Sindbis and rubella viruses. Fusion was not restricted to chicken cells since all the three viruses fused rooster, goose, African green monkey and human type O cells. Some of these combinations are illustrated in Fig. I . Negligible fusion was obtained with sheep and guinea pig erythrocytes.
Purified SFV envelope protein octamers did not cause fusion with chicken erythrocytes although I28 HAU of the preparation were incubated at 42 °C for 3o min with red blood cells at pH 5"8. Only heavy agglutination was obtained, whereas in a similar experiment 2o HAU of SFV caused maximal fusion (Fig. 2) . 
Optimal conditions of fusion
The temperature and pH range of the fusion activity was measured using I-day-old chicken erythrocytes. As a positive fusion control we used a purified Sendal virus preparation derived from allantoic fluid. All the viruses caused marked fusion when incubated at 42 °C (Table I) . For SFV this temperature was better than 37 or 45 °C -at the latter temperature the aggregated red blood cells tended to loosen rather than to fuse.
The pH optimum for fusion induced by Sendai virus was rather large, ranging from 6.6 to 9"0, but no fusion was observed at pH 5"8. At this pH, on the other hand, the togaviruses tested fused erythrocytes better than at higher pH values. At pH 9"0 the erythrocytes tended to fuse spontaneously (Table 2) .
Fusion and haemolysis
We have previously shown that haemolysis by SFV and Sindbis virus occurs only at pH values below 6-6 (Viininen & Kiiriiinen, I979). When the preparations for cell fusion were examined under the microscope in buffers having different pH values, haemolysis was seen also at higher pH values after initial agglutination at pH 5"8. To investigate this, the adsorption of the virus was carried out at o °C and pH 5"8 for IO min, the cells sedimented and the supernatant discarded. The pelleted cells were resuspended in boratephosphate buffer pH 7"0 and incubated at room temperature for 60 min. The haemolytic titre thus obtained for an SFV preparation remained the same as that obtained by incubation all the time at pH 5"8. Conversely, fusion was not seen if, after virus adsorption, the buffer was replaced by a neutral one, although the reaction mixture was incubated at 42 °C for 3 h. Neither could any further agglutination be noted between non-agglutinated cells under these conditions. If the red blood cells which had already been incubated at 42 °C in the neutral buffer were re-sedimented and re-incubated at pH 5"8, fusion of the red blood cells occurred rapidly after transfer to 42 °C. Adsorption experiments carried out with 85S-methionine-labelled SFV and purified 29S envelope protein octamers (Helenius &von Bonsdorff, 1976) showed that both preparations adsorb to the red blood cells optimally at pH 5"8 (Fig. 3) . If the cells were resuspended in a neutral buffer after an incubation period of 3o min at pH 5-8 only minute amounts of virus eluted during a 6o min incubation period (Fig. 4) . The results indicate that once the virus has adsorbed to the red blood cell, the complex is stable. In the case of haemolytic virus the haemolysis occurs even at pH 7"o since further interactions between other red blood cells are not needed. In the haemagglutination and fusion reaction contacts mediated by the virus are needed throughout the incubation, which can occur only at low pH.
Comparison of SFV, Sindbis virus and rubella virus
To compare the haemagglutinating, haemolysing and fusion activities of the three togaviruses, end-point titrations were made using the same dilutions of the viruses for each activity. In the haemolysis test 2o % haemolysis was taken as the end-point. It is difficult to obtain concentrated togavirus preparations without haemolytic activity since the pelleting and freezing and thawing of the virus cause changes which make it haemolytic (V~i~in~inen & K~i~iri~iinen, i979). One of our SFV preparations caused no haemolysis at a concentration of 512 HAU/ml but fused l-day-old chicken erythrocytes at o-5 HAU/ml. Thus it is apparent that a 'non-haemolytic' virus can cause cell fusion. The haemagglutination and fusion activities of the three togaviruses as well as the Sendai virus have end-points close to each other independently of their haemolytic activity (Table 3) . During storage of the SFV preparation in TN at o °C no changes in haemagglutinating or fusion activities could be seen although the haemolytic activity of the preparation increased slowly during storage for several months.
DISCUSSION
The haemolysis and fusion of red blood cells by paramyxoviruses have been characterized in great detail (Fukai & Suzuki, I955; Hosaka & Shimizu, i972; Hall & Martin, I974; Scheid & Choppin, I974; Seto et aL I974; Homma et aL I976; Shimizu et al. I976; I976; Knutton, I977; Knutton et al. I977) . Haemolysis requires at least partial fusion of virus envelope with the erythrocyte membrane, and haemoglobin leaks out probably through damaged virus particles (Apostolov & Almeida, I972; Homma et al. I976; Shimizu et al. I976) . In paramyxovirus-induced cell fusion the viruses serve as linkers between two or more red blood cells, whose membranes can thereafter fuse at sites where virus particles are not necessarily present (Apostolov & Almeida, i972; B/ichi et al. I973; Shimizu et al. 1976; Knutton, I977) .
In a previous paper we described haemolysis caused by purified SFV and Sindbis virus preparations (V~i~in~inen & K/i~iri/iinen, I979) a phenomenon described earlier by Karabatsos (I963, I965, I973) . The haemolysis phenomenon was also recently described with rubella Here we have demonstrated the fusion of erythrocytes by SFV, Sindbis virus and rubella virus which could be expected on the basis of their ability to cause haemolysis. The different outcomes of interactions between the virus and red blood cells were mostly analysed using SFV as a model and are summarized in Table 4 .
The adsorption of virus takes place at low pH and is most probably mediated by the virus envelope proteins since antiserum directed against them inhibits the adsorption. The pH optimum of adsorption of purified lipid-free envelope protein octamers is the same as with the whole virus (Fig. 3) (Fries & Helenius, I979) .
The haemagglutination takes place only under conditions of maximal virus adsorption but over a wide temperature range (o to 42 °C). Once the virus has adsorbed to the cell it still requires the low pH to join it to another red blood cell, since haemagglutination does not take place if the red blood cells carrying the virus are re-suspended into neutral buffers.
The haemolysis differs from the haemagglutination in several respects: (i) the virus particles have to be slightly damaged (V/i/in~nen & K~i/iri~iinen, t 979); (ii) isolated envelope proteins cannot cause haemolysis but virus particles are required; (iii) the haemolysis can proceed in neutral buffers once the adsorption has taken place under optimal conditions. This would suggest that adsorbed virus particles remain attached to the red blood cell and cause the haemolysis independent of the pH. This is supported by our finding that the adsorbed virus eluted rather slowly after the cells had been re-suspended in neutral buffer (Fig. 4) .
The fusion also required the adsorption of virus at pH 5"8 and could not take place if the pH was raised to neutrality, which is compatible with the idea that virus-mediated envelope protein contact between red blood cells is required for fusion to occur. The contact provided by the isolated envelope protein octamers is not sufficient to induce red blood cell fusion in spite of intensive aggregation of the cells. It appears that the whole virus particle is required for the fusion to occur. It may be that the fusion of the virus envelope with the red blood cell membrane (Apostolov & Almeida, I972; B/ichi et al. I973; Shimizu et aL I976) properly orientates the virus glycoproteins at the plane of the plasma membrane, so that they can make intimate contact with other red blood cells, and this can take place only at pH 5"8. This situation would not be reached with envelope protein octamers which fuse poorly with lipids (Helenius et al. I978) .
Unlike haemagglutination and haemolysis, fusion required a relatively high temperature between 37 and 42 °C. This is probably needed to increase the mobility of the cell membrane lipids as a prerequisite for membrane fusion (Poste & Allison, ~973) .
